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The Talbot effect is a well studied phenomenon by which grating pseudoimages appear at certain periodic
distances when monochromatic light is used. Recently, numerical simulations have shown a new phe-
nomenon; when a polychromatic light beam is used in a double grating system, the intensity of the pseu-
doimages presents a transverse-profile that remains unaffected over a wide range of propagation
distances. This effect can be used to increase the tolerances of gratings based optical devices, such as
displacement measurement systems, interferometers, and spectrometers. The pseudoimages formation
with a polychromatic and finite extension light source is analytically and experimentally demonstrated.
Relatively simple analytical expressions for the intensity and the contrast allow us to predict when pseu-
doimages present a constant contrast and when they disappear. Furthermore, we experimentally obtain
the pseudoimages using the proposed configuration, corroborating the theoretical predictions. © 2008
Optical Society of America
OCIS codes: 050.0050, 050.2770.
1. Introduction
Double grating systems are used in many applica-
tions such as, for example, in displacement measure-
ment systems, interferometers, and spectrometers
[1–4]. From the first studies based on diffraction
theory [5], a model for pseudoimage formation based
on Fresnel propagation of light has been progres-
sively improved [6,7], introducing total incoherence
[8], partially coherent light [9–13] and finite spectral
width [14].
At the moment, most applications of double grat-
ing systems use pseudoimage fringes, which are gen-
erated at finite distances from the second grating.
Then, no lenses are required, and the devices are
more compact and robust. Usually, in these config-
urations, the fringes contrast strongly depends on
the distance between gratings, since a similar con-
dition to the Talbot effect must be fulfilled. This
condition is needed to obtain significant contrast
pseudoimages [8]. On the other hand, new technolo-
gies are demanding systems with higher resolutions,
therefore, the use of diffraction gratings with lower
and lower grating periods. The condition of pseudo-
image formation depends on the gratings periods, as
a consequence, tiny perturbations of the grating gap
may vanish the contrast, even a contrast inversion
can happen. In grating measurement systems, a con-
trast inversion produces an error in the measure.
For the Talbot effect, a solution to this problem has
been obtained using polychromatic light [15,16].
Double grating systems with polychromatic light
have also been numerically analyzed, showing that
some pseudoimages maintain a high contrast while
other pseudoimages disappear [14]. The appearance,
0003-6935/08/101470-08$15.00/0
© 2008 Optical Society of America
1470 APPLIED OPTICS / Vol. 47, No. 10 / 1 April 2008
disappearance, and stability of the pseudoimages can
be seen in a contrast representation with respect to
z1 and z2, z1 being the distance between gratings and
z2 the distance between the second grating and the
observation plane. In current applications, LEDs
are normally used as light sources with sizes ranging
from 50 to 1000 μm, 300 μm being the most common
size. Therefore, the finite size of the light source has
to be considered in the analysis. For standard grating
periods and source sizes, pseudoimages only present
a significant contrast at narrow bands in the ðz1; z2Þ
plane (pseudoimage isolation) [14]. This corresponds
to regime 3 of the said papers.
In the present paper, we analytically and experi-
mentally investigate why some pseudoimages in this
third regime maintain a high contrast over a wide
propagation distance when polychromatic light is
used, while other pseudoimages disappear. For this,
we analyze the intensity distribution of a double
grating system with polychromatic light and a finite
size. The general expression is too complicated to
analyze the physical behavior of double grating sys-
tems, except for very simple cases [17,18]. In this
paper, without loss of generality, we simplify the gen-
eral expression in order to obtain the contrast of the
pseudoimages in terms of the distance between the
second grating and the observation plane. Further-
more, experimental results demonstrate the validity
of the analytical approach and the final results.
To our knowledge, in the literature there is no
experimental verification of constant contrast pseu-
doimages when polychromatic light is used. This
phenomenon can be applied, for example, for improv-
ing the mechanical tolerances of grating based
displacement measurement systems. Several com-
mercial devices use the generalized grating imaging
configuration. One of the gratings is in the scanning
head, along with the light source and the photodetec-
tors, and the other diffraction grating is in a mobile
stage. For a standard diffraction grating period of
10 μm, the distance between the Talbot planes is
∼200 μm. When monochromatic light is used, then
the distance between the gratings should be main-
tained with a mechanical tolerance of ∼20–40 μm,
which it is too tight to be fulfilled.
2. Grating Pseudoimaging with Polychromatic Light
Let us consider a double grating system as depicted
in Fig. 1. We will assume a finite size source made up
of point emitters, which incoherently generate diver-
gent spherical waves. The lateral size of the light
source is S. Through this model, the spatial coher-
ence of the field can be selected by changing the size
and location of the source. The distance between the
light source and the first grating is z0, and the dis-
tance between both gratings is z1. The periods of
the gratings G1 and G2 are p1 and p2, respectively.
These periods can be equal or different, and they
are assumed much larger than the wavelength,
accordingly, the scalar diffraction approach can be
used. The gratings are amplitude or phase gratings
with an arbitrary profile, and they are characterized
by means of the complex transmittance t1ðxÞ ¼P
n c1;n expðinq1xÞ, t2ðxÞ ¼
P
m c2;m expðimq2xÞ,
where q1 ¼ 2π=p1 and q2 ¼ 2π=p2. The observation
plane is placed at a distance z2 from the second grat-
ing. Because of the symmetry, the problem can be
treated as one dimensional. The method employed
in the analysis is a series of propagations using
the Fresnel approximation from one element of the
system to the next. In Appendix A, we analyze the
intensity distribution IMðxÞ at the observation plane
for a monochromatic and finite size light source. This
analysis has been obtained previously in [13] but, in
Appendix A, we have reordered the terms in the
quadruple sum so that the pseudoimage formation
can be simplified for the case of isolated pseudoi-
mages. Let us assume that the light source is poly-
chromatic with a spectral distribution gðλÞ. The
intensity distribution at the observation plane is ob-
tained integrating the intensity produced by each
wavelength, Eq. (A1), and weighting it according
to the spectrum:
IPðxÞ ¼
Z
IMðxÞgðλÞdλ: ð1Þ
To obtain analytical solutions, we have assumed a
Gaussian spectral distribution,
gðλÞ ¼ 1ffiffiffiffiffi
2π
p
Δλ
exp

−
1
2
λ − λ
Δλ

2

; ð2Þ
where λ is the mean wavelength and Δλ is the spec-
tral width. The integration of Eq. (1) results in
IPðxÞ ∝
X
N
X
M
exp½iðNα1 þMα2ÞsincðNβ1 þMβ2Þ
×
X
u
X
v
c1;uþN=2c1;u−N=2 c2;vþM=2c

2;v−M=2
× exp½−iπΓNMuvðλÞ exp

−
1
2
Δλ
λ

2
Γ2NMuvðλÞ

;
ð3Þ
which is valid for all the regimes of pseudoimage for-
mation. The values of α1, α2, β1, β2, ΓNMuv and the
Fig. 1. Double grating configuration. The light source presents a
finite size S, and it emits a polychromatic light distribution.
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meaning of the factors are explained in Appendix A.
The last factor is not present in Eq. (A1), and it is due
to the polychromaticity of the light source.
For the case of isolated pseudoimages, as shown in
Appendix A for monochromatic light, the intensity is
null for most distances ðz1; z2Þ except when Eq. (A3)
fulfills. The depth of focus of the pseudoimages is
given by Eq. (A4). For this regime, the irradiance
around a certain pseudoimage ðN;MÞ can be simpli-
fied summing only those terms of Eq. (3) that fulfills
Q ¼ −M=N, resulting in
IPðxÞ ≈ I0;0 þ
X
k≠0
exp½ikðNα1 þMα2Þ
× sinc½kðNβ1 þMβ2Þ
×
X
u
X
v
c1;uþkN=2c1;u−kN=2 c2;vþkM=2c

2;v−kM=2
× exp½−iπΓkN;kM;u;vðλÞ
× exp

−
1
2
Δλ
λ

2
Γ2kN;kM;u;vðλÞ

; ð4Þ
where I0;0 ¼
P
n jc1;nj2
P
m jc2;mj2. Here, the sum k is
related to the harmonics of the pseudoimage ðN;MÞ.
The maximum irradiance of the pseudoimages
occurs when Eq. (A3) fulfills. Under this condition,
Eq. (4) results in
IPðxÞ ≈ I0;0 þ
X
k≠0
C1;kN=2eikq1ðMRþNÞx
×
X
v
c2;vþkM=2c2;v−kM=2e
2πivkGλe−2ðkvGΔλÞ2 ; ð5Þ
where G ¼ Nz1
p1p2
Np2z0 þMp1z1
Np2z0 þMp1ðz0 þ z1Þ
;
C1;kN=2 ¼
X∞
u¼−∞
c1;uþkN=2c1;u−kN=2:
A. Constant-Contrast Pseudoimages with
Polychromatic Light
For polychromatic light most terms of Eq. (5) disap-
pear from a certain threshold distance zTH. The
reason is that the Gaussian factor vanishes when
the distance z1 increases. Nevertheless, there exist
some terms, which do not disappear since the argu-
ment of the Gaussian term is null. That happens
when v ¼ 0. Then M needs to be even, and v runs
integer values, v ¼ …;−1; 0; 1… . When z1 ≫ zTH
the term v ¼ 0 is the only that survives. Selecting
from Eq. (5) for only those terms with v ¼ 0we obtain
the stabilized intensity distribution at the exact loca-
tion of the pseudoimage, which results in
IPðxÞjM even ≈ I0;0 þ
X
k≠0
C1;kN=2c2;kM=2c2;−kM=2
× exp½ikq1ðMRþNÞx: ð6Þ
This equation does not present a dependence on the
distance between gratings. In Subsection 2.B we will
see how to determine the threshold distance zTH from
which Eq. (6) is valid.
On the other hand, when M is odd, the index v
never gets zero in Eq. (5) since v runs semi-integer
values. As a consequence, the pseudoimage dis-
appears when z1 ≫ zTH, and the intensity is
IPðxÞjM odd ≈ I0;0. This result explains the behavior
numerically predicted in Fig. 8 of [14] for pseudoi-
mages ð1; − 2Þ and ð1; − 3Þ. When polychromatic light
is used, pseudoimage ð1; − 2Þ presents a high con-
trast, but pseudoimage ð1; − 3Þ disappears.
By means of the simplifications performed in the
present paper, we can also determine the contrast
of the pseudoimages. When only the first harmonic
is considered, the contrast of the stable fringes
results in
ContrastjM even ¼ 2
c2;M=2c2;−M=2
P
u c1;uþN=2c1;u−N=2P
n jc1;nj2
P
m jc2;mj2
:
ð7Þ
The Fourier coefficients of the gratings are the only
factors that determine the contrast of a given pseudo-
image, being independent, not only on the distances,
but also on properties of the light source, provided
that it is polychromatic. As a consequence, the con-
trast of the pseudoimages depends on the fill factor
of the gratings. For example, when two amplitude
Ronchi gratings with a 50% fill factor are used, the
predicted contrast for pseudoimage the ð1; − 2Þ is
C ¼ 0:267. For the case of a phase grating with a
phase shift of π between strips and a 50% fill factor,
then the contrast for ð1; − 2Þ pseudoimage is
C ¼ 0:539, according to Eq. (7). When this contrast
is computed with Eq. (5), it results in C ¼ 0:518.
B. Threshold Distance
Equation (6) is valid as long as the terms in Eq. (4)
with v ≠ 0 can be neglected. This happens when the
argument of the Gaussian factor is much greater
than 1, that is, −2ðkvGΔλÞ2 ≫ 1. This corresponds
to a second order inequality in terms of z1,
M
p2
z12 þ

N
p1
z0 −
Mp1ffiffiffi
2
p
kNvΔλ

z1 −
Mp1 þNp2ffiffiffi
2
p
kNvΔλ
z0 ≫ 0;
ð8Þ
which can be easily solved. We call threshold dis-
tance zTH to the distance where the equality holds.
The linear series expansion of the solution results in
z1 ≫
p1p2ffiffiffi
2
p
kNvΔλ
þ z0: ð9Þ
As an example, for the case of z0 ¼ 0 we obtain that
the threshold distance for each term results in
zTH ¼
p1p2ffiffiffi
2
p
NvnvΔλ
; ð10Þ
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where vnv is the first term in Eq. (5) that it is not null,
that is, c2;vþkM=2c2;v−kM=2 ≠ 0. For a given pseudo-
image ðN;MÞ, the threshold distance depends on the
characteristics of the second grating. For example,
when the grating is binary with a fill factor 50%, then
the even diffraction orders are null. For pseudoimage
ð1; − 2Þ, then vnv ¼ 3. On the other hand, when the fill
factor is different from 50%, the even orders are not
null and then vnv ¼ 2.
C. Numerical Results
To analyze the effect of the polychromatic light in
pseudoimage formation, we have first compared
the fringes produced with a monochromatic and a
polychromatic light source, using Eq. (3). As an ex-
ample, the light source presents a mean wavelength
λ ¼ 600nm and size S ¼ 300 μm. Both gratings are
amplitude Ronchi gratings and their period is
p1 ¼ p2 ¼ 20 μm. In Fig. 2, one can see the intensity
Fig. 2. Fringes and contrast of pseudoimage ð1; − 2Þ for monochromatic (a), (b) and polychromatic (c), (d) light obtained with Eq. (2).
The mean wavelength is λ ¼ 600nm, the spectral width is Δλ ¼ 60nm, the source size is S ¼ 300 μm, and z0 ¼ 0mm. Both gratings
are amplitude Ronchi gratings, p1 ¼ p2 ¼ 20 μm. Fringes are obtained for z1 ¼ z2 (exact location of the pseudoimage).
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profile and the contrast predicted by Eq. (5) for the
cases of a monochromatic and a polychromatic light
source. The contrast for the monochromatic light
fluctuates strongly with the distance between the
two gratings. When polychromatic light is used
with a spectral width Δλ ¼ 60nm, Δλ=λ ¼ 1=10, the
threshold distance is approximately zTH ¼ 1:5mm as
shown in Fig. 2(d). According to this figure, the sta-
bilized contrast is approximately C ¼ 0:27, which is
in agreement with the result obtained using
Eq. (7). The theoretical threshold distance for this
case results in zTH ¼ 1:57mm, which is also very
similar to that obtained in such a figure.
As we have indicated, the threshold distance de-
pends on the fill factor of the grating. In Fig. 3 we
can see the contrast of pseudoimage ð1; − 2Þ obtained
using Eq. (5) for two phase gratings with different fill
factors (50% and 25%). As predicted, the threshold
distance is different. According to Eq. (10), zTH ¼
1:88mm for the first case and zTH ¼ 2:82mm for
the second, which are in good agreement with the re-
sults obtained in Fig. 3.
3. Experimental Results
To our knowledge, in the literature there is no ex-
perimental verification of constant contrast pseu-
doimages when polychromatic light is used. The
experimental setup is equivalent to the scheme
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Fig. 3. Contrast of pseudoimage ð1; − 2Þ when the first grating
G1 is an amplitude grating and the second grating G2 is a phase
grating with periods p1 ¼ p2 ¼ 20 μm. The mean wavelength is
λ ¼ 600nm, the spectral width is Δλ ¼ 50nm, the source size is
S ¼ 300 μm, and z0 ¼ 0mm. (a) Fill factor of the second grat-
ing is 0.5. (b) Fill factor of the second grating is 0.25. We see
that the threshold distance zTH differs for these two cases as it
is theoretically predicted. As shown in the text, the results ob-
tained with Eq. (10) are very similar to those obtained with the
simulations.
Fig. 4. Experimental contrast of pseudoimage ð1; − 2Þ for differ-
ent LEDs and IREDs (a) HE8811, (b) 600-03V, and (c) HIR333 de-
scribed in Table 1. We have used two amplitude Ronchi gratings
(fill factor 50%) with periods p1 ¼ p2 ¼ 8 μm. The width of the
pseudoimage depends mainly on the LED size. No other pseudoi-
mages have been experimentally found since polychromatic light
eliminates them.
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shown in Fig. 4. We have used several LEDs and
infrared-emitting diodes (IREDs) with different
wavelengths and spectral widths ranging from a
white LED Δλ=λ ≈ 1=4 to Δλ=λ ¼ 1=40 (see Table 1).
We have used two identical amplitude Ronchi grat-
ings of period p1 ¼ p2 ¼ 8 μmmade of chromium on a
glass. The fill factor of both gratings was 50%. The
thickness of the glass was approximately 2mm.
The layer of chromium was not completely opaque,
because its transmittance was T ¼ 0:2. The Fourier
coefficients for such gratings were experimentally
found resulting in a0 ¼ 0:6, a1 ¼ 0:256, and a3 ¼
−0:0849. The gratings are displaced with two mobile
linear stages, and the fringes are registered in a
CCD, a microscope objective 63× focused to infinite,
and a lens with a focus of 45mm. The distance be-
tween the light source and the first grating was
z0 ¼ 2mm.
We have measured the contrast for different dis-
tances z1 and z2, which has been computed using a
low-pass filter to eliminate high frequency electronic
noise. We could not explore the locations z1, z2 ≤
2mm because of the glass thickness. In Fig. 4, we
can see the contrast for several LEDs and IREDs
of Table 1. We have removed the lens that some LEDs
present so that the location and size of the emitter
area are well defined. Only pseudoimage ð1; − 2Þ
appears, and it does not present contrast fluctuations
when a polychromatic light source is used, the pseu-
doimage is stable with regard to the propagation dis-
tance. For this case, the predicted threshold distance
is zTH ¼ 1:5mm, so the stabilization process of the
pseudoimage could not be observed. In fact, other
pseudoimages with M have even been experimen-
tally observed, but their contrast is much smaller
than for pseudoimage ð1; − 2Þ, and therefore, it can-
not be used in a practical device.
The width of the pseudoimage depends on the
source size S, in accordance with Eq. (A4). These
experimental results are in good agreement with
those numerical simulations performed in [14] for
the case of the third regime, isolated pseudoimages,
where the light source is polychromatic and spatially
incoherent.
The experimental contrast for themaximum inten-
sity of the pseudoimage, Eq. (A3), is shown in Fig. 5
for the LEDs and IREDs described in Table 1. In all
the cases, the average experimental stabilized con-
trast is approximately C ¼ 0:15, which is in very good
agreement with that obtained with Eq. (7), using the
experimental Fourier coefficients of the diffraction
grating C ¼ 0:1513. This shows that the contrast is
independent of the light properties and of the dis-
tances between components, provided that the light
source is polychromatic. For the case of phase grat-
ings the results are equivalent.
4. Conclusions
In this paper we have studied the generalized grat-
ing imaging configuration when the light source is
polychromatic and presents a finite size, such as
the case of an LED or an IRED. We have explained
why some pseudoimages disappear with the use of
polychromatic light and other pseudoimages main-
tain a high contrast for all distances larger than a
threshold value. We have found that pseudoimages
ðN;MÞwithM even retain a high contrast when poly-
chromatic light is used. On the other hand, pseudo-
images withM odd disappear. We have also obtained
simple equations that allow us to determine the con-
trast of the stabilized pseudoimages and the thresh-
old distance from which the pseudoimage is stable.
An experimental analysis has also been performed,
which corroborates the theoretical results obtained.
These simplified theory and experiments explain the
numerical results given in [14], and it can be used to
optimize the devices that use generalized grating
imaging configuration, making them more tolerant
to changes in the gap between gratings.
Appendix A
The scheme depicted in Fig. 1 is explained at the be-
ginning of Section 2. For the case of a monochromatic
light source with a wavelength λ, a detailed descrip-
tion of the intensity distribution has been obtained
by Crespo et al. [13]. We have considered the inten-
sity distribution at the observation plane given in
Eq. (17) of such a reference, and we have performed
Table 1. LEDs and IREDs Used for Determining the Contrast
of ð1; − 2Þ Pseudoimages
λ Δλ Δλ=λ
(nm) (nm) (Approximately)
LED 600-03V 600 15 1=40
OPE5T85 (Roithner) 850 45 1=20
HE8811 (Hitachi) 820 50 1=15
HIR333 (Roithner) 850 80 1=10
MARL-100059-01 White 1=4
2 3 4 5 6 7 8 9
0.15
0.15
0.15
0.15
0.15
z1=z2 (mm)
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Fig. 5. Experimental contrast of the pseudoimage ð1; − 2Þ for
the LEDs described in Table 1: (1), LED 600-03V; (2), OPE5T85;
(3), HE8811; (4), HIR333; (5), MARL. In all the cases, we have used
two Ronchi gratings (fill factor 50%) with periods p1 ¼ p2 ¼ 8 μm.
For clarity, the figures have been vertically shifted. Dashed–dotted
lines represent the theoretical value (0.1513).
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the following change of variables: N ¼ n − n0,
M ¼ m −m0, u ¼ n −N=2, and v ¼ m −M=2. The rea-
son is that the analysis performed in Section 2 is
much simpler with this change of variables. As a
consequence, the intensity for monochromatic light
can be written as
IMðxÞ ¼
X
N
X
M
exp½iðNα1 þMα2ÞsincðNβ1 þMβ2Þ
×
X
u
X
v
c1;uþN=2c1;u−N=2c2;vþM=2c

2;v−M=2
× exp½iπΓðλÞNMuv; ðA1Þ
where the dummy indices u and v take integer or
semi-integer values depending on whether M or N
are even or odd, respectively,
R ¼ q2
q1
¼ p1
p2
; α1 ¼ q1
z0
zt
x; α2 ¼ q1R
z01
zt
x;
β1 ¼
S
2
q1
z12
zt
; β2 ¼
S
2
q1R
z2
zt
; γ11 ¼
z0z12
zλzt
;
γ22 ¼
z2z01
zλzt
R2; γ12 ¼
z0z2
zλzt
R; zλ ¼
p21
λ ;
zt ¼ z0 þ z1 þ z2; z01 ¼ z0 þ z1; z12 ¼ z1 þ z2;
and ΓðλÞNMuv ¼ 2uðNγ11 þMγ12Þ þ 2vðMγ22 þNγ12Þ.
We have explicitly considered the dependence on
the wavelength, which is linear. The first exponential
is related to the period of the fringes, the sinc func-
tion is related to the location and width of pseudo-
images, and the second exponential is related to dif-
fraction effects.
When the light source is spatially partially inco-
herent we are in the third regime [14]. In this case,
pseudoimages are isolated, that is, they only present
a significant intensity at narrow bands in the ðz1; z2Þ
plane. With Eq. (A1) it is quite simple to determine
which terms of the sum belong to a given pseudo-
image ðN;MÞ. The irradiance around a certain pseu-
doimage ðN;MÞ can be simplified summing only
those terms of Eq. (3) that fulfills Q ¼ −M=N, result-
ing in
IPðxÞ ≈ I0;0 þ
X
k≠0
eikðNα1þMα2Þsinc½kðNβ1 þMβ2Þ
×
X
u
X
v
c
1;uþkN=2
c1;u−kN=2c2;vþkM=2c

2;v−kM=2
× e−iπkΓNMuvðλÞ; ðA2Þ
where I0;0 ¼
P
n jc1;nj2
P
m jc2;mj2 and k runs for the
harmonics of the pseudoimage.
With this equation we can determine all the
characteristics of a given pseudoimage such as
the period, contrast, etc. In particular, we are inter-
ested in the location of the pseudoimage ðN;MÞ,
which is ruled by the sinc term. The maximum inten-
sity of pseudoimage ðN;MÞ is obtained when
sincðNβ1 þMβ2Þ ¼ 1, that is, when Nβ1 þMβ2 ¼ 0.
This condition, analyzed in Eq. (19) of [13], results in
z2 ¼
1
RQ − 1
z1 ; ðA3Þ
where Q ¼ −M=N . That means that pseudoimages
are placed in straight lines. The slope of each pseudo-
image ðN;MÞ in the ðz1; z2Þ plane is controlled by
the ratio R¼ p1=p2. For each value of Q we obtain
different pseudoimages. The harmonics of the
pseudoimage ðN;MÞ are ðkN; kMÞ with k ¼
…; − 2; − 1; 1; 2;…, and they present the same value
of Q. As a consequence, they are also placed at the
same locations.
The width of the pseudoimage ðN;MÞ can be
defined as the distance in the z2 axis between
the two first zeros of the sinc function, that is,
sincðNβ1 þMβ2Þ ¼ 0. Normally, the source size is
much greater than the period of the gratings,
S≫ p1. In this case, the depth of focus of the pseudo-
image results in
Δz2 ≈
2p1
S
z0ðRM þNÞ þ z1RM
ðRM þNÞ2 : ðA4Þ
For practical distances (millimeters–centimeters),
pseudoimages are quite narrow, and they do not over-
lap. This corresponds to the third regime of [14]
where pseudoimages are isolated. In fact, we can
always find pairs of integers ðN0;M0Þ with arbitrarily
closeQ values that overlap with a given pseudoimage
ðN;MÞ. Nevertheless, for binary gratings only
pseudoimages with small values of N and M pre-
sent a significant contrast. The reason is that the
Fourier coefficients of binary gratings ci;n decrease
as 1=n. Then, the multiplicative factor in Eq. (3),
c1;uþN=2c1;u−N=2c2;vþM=2c

2;v−M=2 decreases as 1=u
2v2
and thus the intensity of the pseudoimages.
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